Landfills are the second-largest source of anthropogenic methane emissions in the U.S., accounting for 22% of CH 4 emissions. Landfill gas (LFG) is primarily composed of CH 4 and CO 2 , and currently only 18% of this is used for energy 1 . Because landfills will continue to be used for the foreseeable future, complete utilization of LFG is becoming more important as the demand for energy increases. Catalytically reforming LFG produces syngas (H 2 and CO) that can be converted to liquid fuels or mixed into the LFG stream to produce a more reactive, cleaner burning fuel. It has been demonstrated that injecting 5% syngas into a simulated LFG mixture prior to engine combustion decreases CO, UHC, and NO x emissions by 73%, 89%, and 38%, respectively 3 . One barrier to using LFG in a catalytic system is the contaminant content of the LFG, including chlorine and sulfur compounds, higher order hydrocarbons, and siloxanes that have the potential to poison a catalyst. Chlorinated compounds are present in LFG at 10-100ppm levels 5 and are often found as chlorocarbons. This research explores the effect of methyl chloride on the activity of a Rh/γ-Al 2 O 3 catalyst while dry reforming LFG to syngas. It has been found that methyl chloride acts as a reversible poison on the dry reforming reaction, causing a loss in dry reforming activity, decrease in syngas production, and increase in H 2 /CO ratio while CH 3 Cl is present in the feed. CH 3 Cl exposure also decreases the acidity of the catalyst which decreases carbon formation and deactivation due to coking.
INTRODUCTION
Landfill gas is generated from the anaerobic decomposition of biomass in landfills and is composed of primarily equal parts CH 4 and CO 2 . Fifty cubic meters of methane is produced per ton of landfilled municipal solid waste (MSW) . 1 In the U.S. in 2006, 266 million tons of MSW were landfilled producing 13 billion m 3 of methane. Only approximately 18% of this was used for energy, primarily for electricity generation or in direct heating applications. In the U.S., it is required that landfill gas is captured and at least flared or combusted, emitting CO 2 instead of CH 4 , because CH 4 has a global warming potential 25 times that of CO 2 . Since LFG must be collected, it is most beneficial to use the CH 4 in the landfill gas for energy. Furthermore, landfilling rates have remained quite constant over the last 10 years 2 and these landfills will continue to emit LFG for at least 15 years after landfill closure. Even if the widespread practice of landfilling were to end today, LFG would still be emitted and require treatment for years to come.
The high CO 2 content of LFG decreases the heating value and leads to increased emissions when the gas is combusted in an engine or turbine compared to pure CH 4 or natural gas. One method of increasing the energy content of the gas thereby reducing emissions and improving engine efficiency is to add syngas (H 2 and CO) to the gas mixture. It has been demonstrated that injecting up to 5% syngas into a simulated LFG mixture prior to entering a combustion engine decreases CO, UHC, and NO x emissions by 73%, 89%, and 38%, respectively. The syngas needed can be generated in-situ by catalytically reforming a portion of the LFG to produce the necessary amounts of syngas.
3 In addition to combustion enhancement, syngas produced from LFG can also be used to produce liquid fuels using the Fischer-Tropsch process, or to produce a H 2 gas stream for fuel cell applications.
Dry reforming CH 4 /CO 2 mixtures is one method of producing syngas, as shown below:
One disadvantage of dry reforming is that it is susceptible to carbon formation at CH 4 :CO 2 ratios higher than one. In these CH 4 rich mixtures small amounts of air can be added to reduce the carbon formation potential of the mixture by combusting with some of the CH 4 , producing additional CO 2 , H 2 O, and heat from the exothermic combustion reaction.
4
One of the biggest barriers to using LFG in a catalytic system is the catalyst poisons present in LFG. There are a number of chlorinated and sulfur compounds, higher order hydrocarbons, aromatics, and siloxanes that have the potential to poison a catalyst and the entire reactor. Table 1 shows an abbreviated list of LFG poisons organized by class. As shown in the table, the most abundant LFG contaminants are higher order hydrocarbons and aromatic carbons. These substances may lead to higher carbon formation on a catalyst surface as a result of hydrocarbon cracking reactions, but this can be countered by increasing the amount of oxidant, such as steam or air in the feed. The most common sulfur compound in LFG is H 2 S, and this is currently removed from the feed during moisture removal before LFGTE technologies are employed.
5
Sulfur is also an extensively researched poison for reforming reactions. 6 Therefore, while these classes of chemical compounds can be problematic, it is understood how they impact the performance and how it can be mitigated. 7 . Steam reforming of chlorocarbons can lead to chlorine poisoning causing a decrease in the methane reforming activity and water-gas shift activity (H 2 O + CO  H 2 + CO 2 ), but not the chlorocarbon reforming activity. Regeneration with H 2 O is possible because it converts surface chloride to HCl, removing it from the surface.
9-11 This research will investigate how CH 3 Cl affects the activity and selectivity of the dry reforming reaction.
EXPERIMENTAL PROCEDURES
Dry reforming experiments were performed at atmospheric pressure using a quartz flow-through reactor and a 4% Rh/-Al 2 O 3 catalyst. Both powder catalyst and a wash-coated cordierite monolith (400 cpsi), obtained from BASF Catalysts, were used. The catalyst was prepared using a Rh nitrate solution. The monolith had a bulk density of 0.44 g/cm3 and wash coat loading of 1.2 to 1.6 g/in.
3 The powder catalyst was prepared by ball milling the impregnated catalyst to an average particle size of 10 microns.
UHP CH 4 , CO 2 and N 2 were used to simulate a landfill gas. A mixture of 1000ppm CH 3 Cl in N 2 was used to introduce CH 3 Cl. The most common test mixture was 5% CH 4 , 5% CO 2 , 50 ppm CH 3 Cl, in a balance of N 2 . These experiments are performed at very high space velocity and low conversion so that the reactions are kinetically limited rather than mass transfer or diffusion limited. The mass flow rate of each inlet gas into the reactor was controlled with mass flow controllers (Aalborg, GFC17). A tube furnace was controlled with a temperature controller (Omega, CN9000A Series) and K-type thermocouples (Omega, KMTIN) to achieve temperatures between 400°C and 700°C. A schematic of the apparatus is shown in Figure 1 . Determination of carbon deposition on the catalyst after reaction was performed using temperature programmed oxidation (TPO), in which O 2 is reacted with the carbon on the catalyst to produce CO 2 . A thermo-gravimetric analyzer (Netzsch, STA 409 PC Luxx) was used to control the temperature program and measure weight changes of the catalyst while an IR CO/CO 2 detector (California Analytical Instruments, ZRF2GFF2) was used to measure CO 2 evolution as a function of temperature.
The catalyst acidity was determined using temperature programmed desorption of ammonia. NH 3 is adsorbed at a low temperature to surface acid sites and then desorbed during a temperature ramp. The amount of NH 3 desorbed is proportional to the number of acid sites on the catalyst.
RESULTS AND DISCUSSION
The global reactions occurring on the catalyst are the dry reforming reaction, the primary means of syngas production, the water-gas shift reaction which is a water producing reaction, and the methyl chloride reforming reactions, of which steam reforming is more favorable. Dry Reforming CH 4 + CO 2  2H 2 + 2CO ΔH=247 kJ mol -1
(1) At 400°C, the CH 3 Cl conversion was approximately 69% while at 700°C the conversion was 100%. This difference in conversion is either indicative of a temperature effect or site poisoning. Experiments at smaller CH 3 Cl concentrations (25 ppm and 10 ppm) at 400°C exhibited 100% conversion of CH 3 Cl until a point of saturation occurred at which point the CH 3 Cl conversion rapidly decreased to approximately 64-69%. This evidence indicated that at 400°C the CH 3 Cl conversion is lower due to a self poisoning effect, perhaps the chloride accumulating on the surface and blocking reforming sites. This was later confirmed with XPS results that showed that at 400°C surface chloride was higher after reaction with CH 3 Cl compared to at 700°C. This is also likely why the effect of CH 3 Cl on CH 4 conversion was less at 700°C than at 400°C. Therefore operating at a high temperature is more favorable for reducing chloride site poisoning and maintaining high CH 4 conversion to syngas.
Figures 4 and 5 show syngas (H 2 +CO) production and H 2 /CO ratio at 400°C and 700°C before, during, and after CH 3 Cl introduction. At both 400°C and 700°C, CH 3 Cl introduction caused a decrease in syngas production which was reversed when CH 3 Cl was removed from the feed. Similar to CH 4 conversion, the absolute loss in syngas production was the same for both temperatures at 0.1%. CH 3 Cl exposure also affected the H 2 /CO ratio. During the CH 3 Cl segment at 400°C, H 2 /CO ratio increased, particularly due to a decrease in CO production while CH 3 Cl was on stream. At 400°C the H 2 /CO ratio increased from 0.99 to 1.23 while CH 3 Cl was on stream and then decreased back to 1.0 after CH 3 Cl was removed. At 700°C the H 2 /CO ratio remained the same through the experiment at approximately 0.88.
FIGURE 4: SYNGAS PRODUCTION AND H2/CO RATIO AT 400°C FIGURE 5: SYNGAS PRODUCTION AND H2/CO RATIO AT 700°C
Figure 6 shows in greater detail the effect of CH 3 Cl on product distribution at 400°C. When CH 3 Cl is introduced, CO 2 slightly increases, H 2 slightly increases, CO decreases, and H 2 O decreases. Therefore the effect of CH 3 Cl seems to be a watergas shift enhancement, reducing H 2 O and CO while slightly increasing H 2 and CO 2 .
FIGURE 6: PRODUCT MOLE PERCENTS AT 400°C
Figures 2-6 show that CH 3 Cl reversibly poisons the dry reforming reaction and enhances the water-gas shift reaction, which increases the H 2 /CO ratio. The CH 3 Cl poisoning effect is more prominent at 400°C than 700°C because there is more chloride deposition at 400°C. It is likely that the chloride removal reaction, producing HCl and removing chloride from the surface, is sensitive to temperature and therefore has a lower activity at 400°C compared to 700°C.
The effect of CH 3 Cl on the H 2 /CO ratio of the syngas has implications for downstream landfill gas to energy applications. For example, while syngas injection has been shown to reduce CO, UHC, and NO x emissions in an IC combustion engine, the ratio of H 2 /CO in the syngas has an effect on the emissions reduction. Figures 7 and 8 show the effect of syngas fraction in the landfill gas on CO and NO x emissions (for example, 0.05 syngas fraction means 95% LFG at CH 4 :CO 2 ratio =1 and 5% syngas at H 2 :CO ratio specified in the figure) . Both figures show that as the H 2 /CO ratio increases, CO and NO x emissions generally decrease 3 . The same trend is seen for unburned hydrocarbon emissions (not shown) and engine efficiency (higher H 2 /CO ratios cause an increase in engine efficiency). This improvement in engine performance is likely due to the high reactivity, low ignition temperature, and high flame temperature of H 2 that allows for better burning of the fuel in the engine. Therefore while reforming LFG at a low temperature may not be desirable due to lower methane conversions and higher chloride poisoning of the catalyst, one benefit is that the syngas produced has a higher H 2 /CO ratio, which improves engine performance when used in downstream LFGTE applications. 
Therefore while the effect of CH 3 Cl may be reversible at short times, it is also important to understand how CH 3 Cl will affect carbon formation on the Rh/Al 2 O 3 catalyst. To examine this effect, Rh/Al 2 O 3 powder catalyst was exposed to either a dry reforming mixture (5% CH 4 , 5% CO 2 , balance N 2 ) or a dry reforming mixture with CH 3 Cl added (5% CH 4 , 5% CO 2 , 50ppm CH 3 Cl, balance N 2 ) for 10 hours at either 400°C or 700°C, shown in Table 2 . During each segment, the deactivation rate, defined as the change in methane in the product stream over time was calculated. The samples were then removed from the reactor and characterized for carbon formation and acidity. Temperature programmed oxidation showed that at 400°C there was very little carbon formation during the dry reforming reaction with and without CH 3 Cl compared to 700°C. At 700°C, the samples exposed to CH 3 Cl had less carbon formation than the sample exposed to dry reforming alone, shown in Figure 9 . The deactivation rate of the catalyst also correlates to the carbon formation data shown in Figure 9 . At 400°C there is no long term deactivation due to carbon formation. At 700°C there is deactivation due to the carbon formation, but the sample exposed to CH 3 Cl experienced less deactivation than the sample exposed only to the CH 4 /CO 2 mixture. The reason for this decreased carbon formation and deactivation can be explained by the results of the acidity characterization that revealed that catalyst samples exposed to CH 3 Cl at both 400°C and 700°C had a decrease in the number of acid sites. The acid sites on a Rh/Al 2 O 3 catalyst are primarily the alumina hydroxyl groups on the carrier surface. Therefore the decrease in acid sites may indicate a reaction between deposited chloride from the CH 3 Cl and the alumina OH groups, forming HCl which is removed from the catalyst. Acid sites on a catalyst are sometimes responsible for enhancing hydrocarbon cracking reactions that leave carbon on the surface of the catalyst. Therefore it is not surprising that in this case catalyst acidity, carbon formation, and deactivation rate are all closely correlated.
CONCLUSIONS
Methyl chloride acts as a reversible poison at ppm amounts on the dry reforming reaction. CH 3 Cl causes a loss of dry reforming activity, likely because it competes with CH 4 for sites. This also results in a decrease in syngas production, but these effects are reversible after CH 3 Cl is removed. CH 3 Cl also causes a change in the product distribution by enhancing the water-gas shift reaction, increasing the H 2 /CO ratio. This effect is more pronounced at 400°C because at this low temperature there is more chloride poisoning on the surface, likely because the chloride removal reaction producing HCl is sensitive to temperature and therefore less active at 400°C compared to 700°C. While CH 3 Cl seems to cause selective site poisoning it does not enhance the coking deactivation mechanism, and actually seems to decrease it. Therefore small amounts of CH 3 Cl on stream may help to stabilize the catalyst against carbon formation. Without CH3Cl
